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ABSTRACT 

We have used Lomb-Scargle periodogram analysis and Monte Carlo significance tests to 
detect periodicities above the 3-sigma level in the Beta Cephei stars V400 Car, V401 Car, 
V403 Car and V405 Car. These methods produce six previously unreported periodicities in the 
expected frequency range of excited pulsations: one in V400 Car, three in V401 Car, one in 
V403 Car and one in V405 Car. One of these six frequencies is significant above the 4-sigma 
level. We provide statistical significances for all of the periodicities found in these four stars. 



1. Introduction 

The refinement of asteroseismological models 
requires increased numbers of statistically reliable 
pulsational periodicities for observed stars. Re- 
cent advances in the detaile d modelling o f Bet a 
Cephei stars (for example, Miglio et all (2007 ) 



Pam vatnvkh fc Ziomekl (|2007fl , iSmolec fe Moskalik 



(|2007l )') have added urgency to the need for ac- 
curate and complete identification of pulsation 
modes in real stars. This requires quantified sig- 
nificances for peaks identified in periodograms. 
Frescura et al.l (|2008T ) recently reviewed some sta- 
tistical significance tests that are in common use 
in periodogram analysis, and have assessed and 
compared their reliability. In their paper, they rec- 
ommend implementing Monte Carlo methods to 
establish the significances of periodogram peaks, 



arguing that these are more reliable than the 
methods in common use. Accordingly, we have 
calculated the Lomb-Scargle periodograms, suit- 
ably norm alised by the variance of the data (as 
advised bv iHorne fe Baliunad 1986). for observa- 
tions of the four Beta Cephei stars V400 Car, 
V401 Car, V403 Car and V405 Car, and have ap- 
pli ed Monte Carlo metho ds in the way proposed 
by iFrescura et al. ( 2008h to assign significances 
to peaks identified in each periodogram analysis. 
This involved the construction of cumulative dis- 
tribution functions (CDF's) for pseudo-Gaussian 
noise generated on the observation time-grid of 
each of the respective real data sets. These CDF's 
were then used to determine quantitatively the 
significances of candidate peaks in their respec- 
tive periodograms. The results of these analyses 
are described in the sections that follow. 
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We report a number of newly discovered peri- 
odicities that lie above the 3 sigma level (a sig- 
nificance of 99.7%) in each of these stars. Our 
analysis determines that there are seven period- 
icities above the 3-sigma level that lie within the 
expected range for pulsation modes in V400 Car, 
eight in V401 Car, four in V403 Car, and four 
in V405 Car. The methods applied in this paper 
provide an objective assessment of the identified 
periodicities. 

A canonical value of 4:1 for the signal-to- 
noise ratio in a Fo urier amplitude spectrum (see 
Breger et al. 19931 ) has long been applied as a 
threshold for accepting that a detected periodic- 
ity may be attribu ted to a variation in th e stellar 
magnitude itself. iKuschnig et al.l (|1997l ) showed 



that this 4:1 ratio corresponds to a significance of 
approximately 99.9% as determined from Monte 
Carlo trials. The detections claimed in this paper 
therefore correspond very closely to the generally 
accepted threshold for period detection in pulsat- 
ing stars. 

2. Significances of periodicities in V400 
Car 

The data set consists of 533 observations of 
V400 Car (star no. 11 in th e desi gnation of 



Feast! (Il958h and iTurner et al" 



(jl980h for stars 
in NGC3293) in the Johnson B band, obtained 
with the 1.0 m telescope at the Sutherland sta- 
tion of the South African Astronomical Observa- 
tory (SAAO) during a total timespan of 68 days 
in 1984. The Lomb-Scargle periodogram of these 
data, normalised by the variance of the data, is 
shown in Figure [TJ The periodogram was over- 
sampled by a factor of approximately 25. The lim- 
iting empirical CDF computed for the time data, 




Frequency in radians per day 



as described in Frescura et al. (2008), is shown in 
Figure El 

An enlargement of the critical region of this 
CDF is shown in Figure [31 Two theoretical dis- 
tribution functions were re-fitted to the tail of the 
empirical CDF shown in the enlargement. These 
are the exponential distribution function and the 
incomplete beta function (called simply the beta 
function in the remainder of this paper). A de- 
tailed discussion of this refitting procedure and 
of these theoretic a l dis tribution functions is given 
in iFrescura et alJ (|2008l ). Both theoretical distri- 
butions fit the empirical CDF's reasonably well 
in this region, though not to the same degree. 
For V400 Car and for V401 Car, the peak signif- 
icances estimated from the empirical CDF's were 
slightly lower (i.e. the false alarm probabilities 
were higher) than those obtained from the best- 
fitting theoretical distribution functions. For V403 
Car and for V405 Car, the peak significances esti- 
mated from the empirical CDF's lie mostly be- 
tween those obtained from the best-fits of the 
two respective theoretical distribution functions. 
Comparisons of the respective estimates of signifi- 
cance obtained from the empirical CDF's and from 
the theoretical distribution functions are displayed 
in TablesQlElEl and[7] For all four stars, the peak 
significances obtained from the best-fitting expo- 
nential distribution function are lower than those 
obtained from the beta function. In each of these 
four cases, therefore, the best-fitting exponential 
function provides the most conservative estimate 
of significance for the detected periodicities, and 
this is the estimate that we used in the tables that 
follow. In Figure El the horizontal solid lines indi- 



— exponential 
— beta 
empirical 



Fig. 1. — Over-sampled Lomb-Scargle peri- 
odogram for V400 Car. 



Normalised periodogram power 

Fig. 2. — Limiting empirical CDF for the V400 
Car data set. Both exponential and (3- functions 
give excellent fits to the empirical CDF. Their de- 
viations from the empirical CDF can only be seen 
under magnification. 
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Table 1: Significance Levels for V400 Car 



Significance 




Periodogram Power Level 




empirical 


exponential function beta function 


95 % 


9.61 


9.60 9.56 


99 % 


11.23 


11.23 11.13 


99.7 % 


12.48 


12.43 12.28 



cate false alarm probabilities of 0.3%, 1% and 5% 
respectively (i.e. peak significances of 99.7%, 99% 
and 95% respectively). The periodogram peak val- 
ues (i.e. normalised power levels) associated with 
these significances are read off the abscissae where 
the best-fit exponential function crosses the re- 
spective horizontal solid lines. The power levels 
corresponding to the aforementioned three signifi- 
cance thresholds, for the empirical CDF as well as 
for both of the theoretical distribution functions, 
are displayed in Table Q] . 

The significances of peaks appearing in the pe- 
riodogram of V400 Car were determined by us- 
ing the exponential function providing the best 
fit to the tail of the associated empirical CDF. 
The oversampled, normalised Lomb-Scargle peri- 
odogram shown in Figure [1] was subjected to a 
standard prewhitening procedure, as follows: 

1. determine the frequency at which the highest 
peak occurs in the periodogram; 

2. determine the best-fitting amplitude and 
phase of a sinusoid with this frequency by a 
least-squares comparison with the data; 

3. subtract this sinusoid (including the best- 
fitting amplitude and phase) from the data; 

4. recalculate the oversampled, normalised 




Normalised periodogram power 



Fig. 3. — Enlargement of the critical region of the 
CDF for V400 Car. 



Lomb-Scargle periodogram for the modified 
data; 

5. repeat step (1) above; 

6. determine the respective best- fitting ampli- 
tudes and phases of two sinusoids with the 
frequencies determined in steps (1) and (5) 
above; 

7. iterate steps (4) to (6) above, recalculating 
the respective best-fitting amplitudes and 
phases for the entire set of determined fre- 
quencies each time. 

Prewhitening was continued until a level clearly 
below the 99.7% (3-sigma) significance level (as es- 
tablished by the best-fit exponential function) of 
the data set was reached. A full list of the results 
of the prewhitening procedure for V400 Car ap- 
pears in Table O For convenience, each frequency 
is listed in units of radians per day and of cycles 
per day, along with its best-fit amplitude in mil- 
limagnitudes, its respective normalised power in 
the periodogram, and the associated significance 
of the normalised power level, as determined from 
the fitting of the exponential distribution function 
to the tail of the empirical CDF. 

The day-to-day and week-to-week spacings in 
the observations of V400 Car generate substan- 
tial peaks in the low-frequency part of the peri- 
odogram. Once the strongest five peaks (deter- 
mined through the prewhitening procedure out- 
lined above) are removed, the next four strongest 
periodicities in the data correspond roughly to pe- 
riods of three days, five days, two days and nine 
days respectively and are listed as frequencies fa to 
fg. These are probably artifacts of the data spac- 
ing rather than real signals present in the varying 
luminosity of V400 Car. However, given that the 
maximum possible rotation period of this star is 
roughly 8 days (based on spectral line broadening 
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Table 2: Frequencies determined for V400 Car 
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4.1 
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45.38 


7.22 


3.0 


39.3 


> 99.9999 % 


h 


44.36 


7.06 


2.9 


42.1 


> 99.9999 % 


h 


41.75 


6.64 


2.5 


26.7 


> 99.9999 % 


h 


2.36 


0.38 


2.4 


29.2 


> 99.9999 % 


h 


1.40 


0.22 


2.1 


27.2 


> 99.9999 % 


fa 


3.29 


0.52 


1.5 


18.5 


99.9993 % 


h 


0.66 


0.11 


1.3 


17.8 


99.9986 % 


fw 


41.40 


6.59 


1.2 


12.9 


99.81 % 


hi 


12.24 


1.95 


1.2 


13.0 


99.83 % 


/l2 


53.48 


8.51 


1.1 


12.8 


99.79 % 


/l3 


15.05 


2.40 


1.1 


10.0 


96.6 % 



measurem ents by Balonal ( 19751) and radius calcu- 
lations by lEngelbrecht ( 19861 )). one or more of fg, 
fj, fs and /g might be related to the rotation pe- 
riod of V400 Car. There are three further frequen- 
cies above a significance level of 99.7% that could 
be interpreted as real periodicities in the luminos- 
ity of V400 Car. One of these, , fm , probably corre- 
spond s to the mode reported in lHevnderickx et al 



(1994) with a frequency of 6.61 cycles d 1 . The 
other, /12, lies comfortably in the range expected 
for pulsat ion modes in Beta Cephei stars (see, for 
example, |Pamvatnvkhll2003f ). We propose that 
/12 is a newly identified pulsation mode in V400 
Car, bringing the total number of detected modes 
in this star to seven. iHevnderickx et al.l (jl994) 



suggested that g-modes could be ex cited in Beta 
Cephe i stars. Model calculations by IPamvatnvkhl 
( 19991 ) predict the existence of pulsationally unsta- 
ble low-order g-modes with eigenfrequencies be- 
tween approximately 2 and 3 cycles per day for 
stars within the narrow range of effective temper- 
atures covered by the four stars discussed here. 
Frequencies /n and /13 in Table [3] could there- 
fore possibly correspond to g-modes, although the 
significance of the latter frequency lies below the 
3-sigma confidence level. If /n does indeed cor- 
respond to a g-mode, there will be eight detected 
pulsation modes in V400 Car. The appearance of 
the periodogram, after prewhitening with 9 and 
13 frequencies respectively, is displayed in Figures 
SlandEl 




Frequency in radians per day 



Fig. 4. — Periodogram of V400 Car data after 
prewhitening by /1 through to /g. 




Frequency in radians per day 



Fig. 5. — Periodogram of V400 Car data after 
prewhitening by fi through to /13. 
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Table 3: Significance Levels for V401 Car 



Significance 




Periodogram Power Level 




empirical 


exponential function beta function 


95 % 


9.65 


9.57 9.53 


99 % 


11.48 


11.20 11.09 


99.7 % 


12.63 


12.41 12.24 



Table 4: Frequencies determined for V401 Car 



Number 


Rad d~ l 


Cycles d 1 


Amp (mmag) 


Power 


Significance 


fx 


37.22 


5.92 


9.9 


87.1 


> 99.9999 % 


h 


35.69 


5.68 


6.8 


63.2 


> 99.9999 % 


h 


29.89 


4.76 


4.7 


36.8 


> 99.9999 % 


h 


32.07 


5.10 


3.9 


34.2 


> 99.9999 % 


h 


12.59 


2.00 


3.1 


23.5 


> 99.9999 % 


h 


0.87 


0.14 


2.8 


26.6 


> 99.9999 % 


h 


34.30 


5.46 


3.0 


27.5 


> 99.9999 % 


fa 


1.52 


0.24 


2.3 


17.0 


99.9969 % 


h 


3.70 


0.59 


2.3 


14.0 


99.939 % 


fio 


31.45 


5.01 


2.1 


14.7 


99.970 % 


fix 


24.21 


3.85 


2.0 


13.6 


99.909 % 


fl2 


1.14 


0.18 


1.7 


11.7 


99.39 % 


fl3 


41.46 


6.60 


1.6 


11.2 


99.00 % 



3. Significances of periodicities in V401 
Car 

The data set consists of 48 1 obs e rvatio ns of 
V401 Car (s t ar no 10 in the iFeastl (|l958l ) and 
Turner et all (|l980h designation for NGC3293) in 
the Johnson B band, obtained with the 1.0 m tele- 
scope at the Sutherland station of the SAAO dur- 
ing a total timespan of 65 days in 1984. The Lomb- 
Scargle periodogram of the data, normalised by 
the variance of the data, is shown in Figure [5] 
The periodogram was over-sampled by a factor of 
approximately 25. The limiting empirical CDF 
computed for the time data is very similar to the 
CDF for V400 Car, shown in Figure^ An enlarge- 
ment of the critical region of the CDF for V401 
Car is shown in Figure [7] The horizontal solid 
lines have the same meaning as in Figure [3] The 
power levels corresponding to the three specified 
significance thresholds are displayed in Table [3j 
in the same fashion as Table [T] The significances 
of peaks appearing in the periodogram of V401 
Car were again estimated by using the exponen- 
tial function providing the best fit to the tail of the 




Frequency in radians per day 



Fig. 6. — Over-sampled Lomb-Scargle peri- 
odogram for V401 Car. 




periodogram power 



Fig. 7. — Enlargement of the critical region of the 
CDF for V401 Car. 
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associated empirical CDF. The oversampled, nor- 
malised Lomb-Scargle periodogram shown in Fig- 
ure[6]was subjected to the prewhitening procedure 
described in the previous section. The three ob- 
serving blocks in the 65-day observing season were 
zeroed to a common mean. A full list of the results 
of the prewhitening procedure for V401 Car ap- 
pears in Table [U For convenience, each frequency 
is listed in units of radians per day and of cycles 
per day, along with its best-fit amplitude in mil- 
limagnitudes, its respective normalised power in 
the periodogram, and the associated significance 
of the normalised power level, as determined from 
the fitting of the exponential distribution function 
to the tail of the empirical CDF. 

As pointed out in the previous section on V400 
Car, the day-to-day and week-to-week spacings in 
the observations of V401 Car generate substan- 
tial peaks in the low-frequency part of the peri- 
odogram. Once the strongest four peaks (deter- 
mined through the prewhitening procedure out- 
lined above) have been removed, the next two 
strongest periodicities in the data are a half-day 
period and a seven-day period respectively. These 
are listed as frequencies f$ and but are proba- 
bly artifacts due to the data spacing rather than 
real signals present in the varying luminosity of 
V401 Car. However, fa might also be associ- 
ated with a low-order g-mode, as explained in the 
previous section. Frequencies f% and fg (corre- 
sponding to periods of 4 days and 1.6 days re- 
spectively) are also likely to be artifacts due to 
the data spacing. However, since the maximum 
possible rotation period of this star is roughly 3 
days (bas ed on sp e ctral line broadening measure- 
me nts by iBalona (Il975 ) and radius calculations 
by lEngelbrecht ( 1986I )). either f 5 or fg might be 
related to the rotation period of V401 Car. Aside 
from f§, /g and fg, we are left with eight frequen- 
cies above a significance level of 99.7% that could 
be interpreted as periodicities related to pulsation 
modes in V401 Car. Whereas the first six of these 
frequencies have significances beyond the 4-sigma 
level (99.993%), the remaining two (5.01 and 3.85 
cycles per day respectively) are sufficiently signif- 
icant that they might also be taken into account 
in attempts to perform asteroseismology on V401 
Car. Frequency /13 lies well below the 3-sigma 
level at a significance of 98.9%, but its value of 6.60 
cycles per day places it well inside the expected 



range of excited pulsation frequencies. More in- 
tensive observation of V401 Car might confirm this 
as another excited mode. The appearance of the 
periodogram after prewhitening with 6 and 11 fre- 
quencies respectively, is displayed in Figures [H] and 
1 

4. Significances of periodicities in V403 
Car 

The data set consists of 53 obs e rvatio ns of 
V403 Car (s t ar no 16 in the iFeastl (|l958h and 
Turner et all (|l980l ) designation for NGC3293) in 



the Johnson B band, obtained with the 1.0 m tele- 
scope at the Sutherland station of the SAAO dur- 
ing a total timespan of 68 days in 1984. The Lomb- 
Scargle periodogram of the data, normalised by 
the variance of the data, is shown in Figure [TO] 
The periodogram was over-sampled by a factor of 
approximately 25. The limiting empirical CDF 
computed for the time data is very similar to that 
of V400 Car shown in Figure [5] An enlargement 
of the critical region of the CDF for V403 Car is 
shown in Figure fTTl Horizontal solid lines are in- 
dicated in the same fashion as was done in Figure 
El The power levels corresponding to the three 
specified significance thresholds are displayed in 
Table 5. The slight differences bet ween these sig- 



nifican ces and those appearing in iFrescura et al 



(|2008l ) arise from the larger number of Monte 
Carlo trials that produced Figure [IT] shown here, 
compared to the number of trials applied in that 
paper. 

The significances of peaks appearing in the pe- 
riodogram of V403 Car were again estimated by 




20 40 60 80 100 120 

Frequency in radians per day 



Fig. 8. — Periodogram of V401 Car data after 
prewhitening by f\ through to /g. 
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Table 5: Significance Levels for V403 Car 



Significance 




Periodogram Power Level 




empirical 


exponential function beta function 


95 % 


9.60 


9.61 9.58 


99 % 


11.27 


11.24 11.14 


99.7 % 


12.37 


12.45 12.30 



Table 6: Frequencies determined for V403 Car 



Number 


Rad dr l 


Cycles d 1 


Amp (mmag) 


Power 


Significance 


fx 


25.07 


3.99 


26.7 


241.6 


> 99.9999 % 


h 


2.57 


0.41 


2.9 


31.1 


> 99.9999 % 


h 


1.37 


0.22 


2.5 


29.6 


> 99.9999 % 


h 


30.94 


4.92 


2.6 


28.2 


> 99.9999 % 


h 


0.86 


0.14 


1.8 


21.6 


> 99.9999 % 


h 


25.74 


4.10 


2.0 


20.4 


99.9999 % 


h 


8.92 


1.42 


1.7 


16.6 


99.9953 % 


fa 


28.91 


4.60 


1.5 


13.1 


99.843 % 


h 


12.32 


1.96 


1.2 


10.1 


96.9 % 


fio 


23.45 


3.73 


1.1 


10.1 


96.9 % 




Frequency in radians per day 



Fig. 9. — Periodogram of V401 Car data after 
prewhitening by fi through to 




Frequency in radians per day 



Fig. 10. — Over-sampled Lomb-Scargle peri- 
odogram for V403 Car. 



using the exponential function providing the best 
fit to the tail of the associated empirical CDF. 
The oversampled, normalised Lomb-Scargle pe- 
riodogram shown in Figure [TO] was subjected to 
the prewhitening procedure described previously 
in this paper. The three observing blocks in the 
68-day observing season were zeroed to a common 
mean. A full list of the results of the prewhiten- 
ing procedure for V403 Car appears in Table 
[6] For convenience, each frequency is listed in 
units of radians per day and of cycles per day, 
along with its best-fit amplitude in millimagni- 
tudes, its respective normalised power in the pe- 
riodogram, and the associated significance of the 
normalised power level, as determined from the 
fitting of the exponential distribution function to 
the tail of the empirical CDF. The slight diffcr- 
ence between these re sults and those appearing in 
Frescura et al. (2008) are due to an offset of 0.009 



mag in the mean of the third block of data for 
this star (compared to the remainder of the data). 
This offse t was not corre c ted in the analysis ap- 

(|2008h . 



Frescura et al 



pearmg m 

As pointed out in the previous two sections, the 
day-to-day and week-to-week spacings in the ob- 
servations of V403 Car generate substantial peaks 
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in the low- frequency part of the periodogram. Fre- 
quencies /2, fs and /s correspond to periods of ap- 
proximately 2.5 days, 4.5 days and 7 days respec- 
tively and are probably artifacts due to the data 
spacing, rather than real signals present in the 
varying luminosity of V403 Car. Given that the 
maximum rotation period of this star is roughly 10 
days (ba sed on spectra l line broadening measure- 
ments bylBalona| (|1975T) and radius calculations by 
lEngelbrechtl (|l986l) 1. any one of these three peri- 
odicities might be related to the rotation period 
of V403 Car. Aside from f 2 , fa, /s and jy, we 
are left with four frequencies above a significance 
level of 99.7% that could be interpreted as period- 
icities related to pulsation modes in V403 Car and 
might be taken into account in attempts to per- 
form asteroseismology on this star. Frequencies 
/g and fio lie below the 3-sigma level at a sig- 
nificance of 97.0%, but their values of 1.96 cycles 
per day and 3.73 cycles per day place them inside 
the expected range of excited pulsation frequen- 
cies for low-order g-modes and p-modes respec- 
tively. More intensive observation of V403 Car 
might confirm them as excited modes. The ap- 
pearance of the periodogram after prewhitening 
with 3 and 8 frequencies respectively, is displayed 
in Figures H2l and H3l 

5. Significances of periodicities in V405 
Car 

The data set consists of 35 7 obs e rvatio ns of 
V405 Car (s t ar no 14 in the iFeastl (|l958l ) and 
Turner et all (|l980h designation for NGC3293) in 
the Johnson B band, obtained with the 0.5 m, 0.75 
m and 1.0 m telescopes at the SAAO during a to- 
tal timespan of 70 days in 1983. The Lomb-Scargle 
periodogram of the data, normalised by the vari- 




ance of the data, is shown in Figure [14] The peri- 
odogram was over-sampled by a factor of approxi- 
mately 25. The limiting empirical CDF computed 
for the time data is very similar to that of V400 
Car shown in Figure [U An enlargement of the 
critical region of the CDF for V405 Car is shown 
in Figure [HI Horizontal solid lines are indicated 
in the same fashion as was done in Figure [3] The 
power levels corresponding to the three specified 
significance thresholds are displayed in Table 

The significances of peaks appearing in the pe- 
riodogram of V405 Car were again estimated by 
using the exponential function providing the best 
fit to the tail of the associated empirical CDF. 
The oversampled, normalised Lomb-Scargle pe- 
riodogram shown in Figure [14] was subjected to 
the prewhitening procedure described previously 
in this paper. The three observing blocks in the 
70-day observing season were zeroed to a common 
mean. A full list of the results of the prewhitening 
procedure for V405 Car appears in Table [8] For 
convenience, each frequency is listed in units of 
radians per day and of cycles per day, along with 
its best-fit amplitude, its respective normalised 
power in the periodogram, and the associated sig- 
nificance of that power level, as determined from 
the fitting of the exponential distribution function 
to the tail of the empirical CDF. 

The appearance of the periodogram after 
prewhitening with 3 and 6 frequencies respectively, 
is displayed in Figures [H] and [T7] 

As pointed out in the previous sections, the 
day-to-day and week-to-week spacings in the ob- 
servations of V405 Car generate substantial peaks 
in the low-frequency part of the periodogram. 



normalised pGriodogram power 
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Fig. 11. — Enlargement of critical region of the 
CDF for V403 Car. 



Fig. 12. — Periodogram of V403 Car data after 
prewhitening by f\ through to fa. 
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Table 7: Significance Levels for V405 Car 



Significance 




Periodogram Power Level 




empirical 


exponential function beta function 


95 % 


9.49 


9.51 9.46 


99 % 


11.02 


11.14 10.99 


99.7 % 


12.11 


12.34 12.12 



Table 8: Frequencies determined for V405 Car 



Number 


Rad eT 1 


Cycles d 1 


Amp (mmag) 


Power 


Significance 


fx 


41.22 


6.56 


5.0 


46.6 


> 99.9999 % 


h 


39.76 


6.33 


3.6 


31.7 


> 99.9999 % 


h 


37.09 


5.90 


2.8 


22.8 


> 99.9999 % 


h 


0.16 


0.03 


3.7 


26.8 


> 99.9999 % 


h 


2.36 


0.38 


2.3 


19.1 


99.9997 % 


k 


50.94 


8.11 


1.8 


14.3 


99.958 % 




Frequency in radians per day 



Fig. 13. — Periodogram of V403 Car data after 
prewhitening by fi through to /§* 




normalised periodogram power 

Fig. 15. — Enlargement of critical region of the 
CDF for V405 Car. 



20- 



Frequency in radians per day 



Fig. 14. — Over-sampled Lomb-Scargle peri- 
odogram for V405 Car. 



20 40 60 80 100 12 

Frequency in radians per day 



Fig. 16. — Periodogram of V405 Car data after 
prewhitening by /i through to fy. 
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Frequencies fi and /s correspond to periods of 
approximately 40 days and 3 days respectively 
and are probably artifacts due to the data spac- 
ing rather than to real signals present in the 
varying luminosity of V405 Car, although f 5 
might be associated with the rotation period of 
V405 Car, which has an upper limit of roughly 3 
days (bas ed on sp e ctral line broadening measure- 
m ents bv iBalonal (I1975T) and radius calculations 
bv lEngelbrechtl (|l986h ). Apart from fa and fa, we 
are left with four frequencies above a significance 
level of 99.7% that might be interpreted as period- 
icities related to pulsation modes in V405 Car and 
which could be taken into account in attempts to 
perform asteroseismology on this star. Frequency 
fa has not been reported in the literature before. 

6. Discussion 

We have used the significance test described in 
Frescura et al.l (|2008T ) to identify six previously un- 
reported periodicities which might correspond to 
pulsation modes in the Beta Cephei stars V400 
Car, V401 Car, V403 Car and V405 Car. The 
new identifications are listed in Table [5] 

The periodograms shown in Figures [TJ [51 [TO] 
and Q3] all appear to display a rising background 
noise level below frequencies of about 20 radians 
per day. This may seem to imply that our data 
contains what is traditionally described as "red 
noise". However, after removal of all significant 
low frequency components in the prewhitcning 
procedure, the periodograms display a behaviour 
that is more typical of "white noise" (not shown 
above). We take this to be an indication that the 
apparent redness of the original data is an artefact 
of the presence of a few strong low frequency com- 
ponents rather than a dense noise spectrum, and 




that the correct noise model to use in the corre- 
sponding Monte Carlo simulations is that of white 
rather than red noise. In any event, our princi- 
pal interest is in potential pulsation modes, and 
the data clearly display "flat" noise levels in the 
frequency ranges predicted for low-order p-modes. 
Thus the significances listed in Tables [4] [6] and 
[U (at least for the p-modes) are very unlikely to 
be far off the values that would be obtained with 
a more refined noise model for the Monte Carlo 
simulations. 

We conclude by stating that our data al- 
low a 3-sigma detection of seven probable pul- 
sation modes in V400 Car, another eight in 
V401 Car, four modes in V403 Car and four 
modes in V405 Car. One of these modes, fa in 
V401 Car, is associated with a frequency value 
that lies in the expected range of eigenfrequen- 
cies of low-order g-modes. This corresponds 



with suggestions made by iHevnderickx et al 
([19941 ) and with the results of model cal cula- 
tions by Dziembowski k. Pamvatnvk h (1993) and 



Pamvatnvkhl (|l999l l2003h respectively. Furthe 



Frequency in radians per day 



Fig. 17. — Periodogram of V405 Car data after 
prewhitening by /i through to fa. 



low-amplitude modes in these stars might well re- 
main to be discovered amongst the noise levels 
present in our data. The open cluster NGC3293 
continues to present itself as a rich source of data 
with which models of Beta Cephei pulsation may 
be tested. Continued, intensive observation of the 
Beta Cephei stars in this cluster appears impera- 
tive. 

We thank Michel Breger and Gerald Handler 
for useful discussions. We also thank the South 
African SKA Office in Johannesburg for use of 
their facilities. 
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